The suitability of 4 in vitro assays, commonly used for mutagenicity and genotoxicity assessment, was investigated in relation to treatment with 14 nm citrate-stabilized gold nanoparticles (AuNPs). Specifically, the Ames test was conducted without metabolic activation, where no mutagenic effects were observed. High resolution transmission electron microscopy and Cytoviva dark-field image analysis showed that AuNPs did not enter the bacterial cells, thus confirming the unreliability of the Ames test for nanoparticle mutagenicity studies. In addition, the Chinese hamster ovary (CHO) cell line was used for Comet, Chromosome aberration and Micronucleus assays. CHO cells were treated with AuNPs for 20 h at 37 C.
There are a number of direct and indirect mechanisms through which nanomaterials could potentially cause DNA damage. It is proposed that nanomaterials may cause DNA damage indirectly, without physical interaction with the DNA, through their ability to generate free radicals and produce oxidative stress. Alternatively, direct mechanisms involve interaction with genomic DNA, ie, small enough nanomaterials may pass through the cellular and the nuclear membranes to gain access to DNA. In addition, if nanomaterials are able to accumulate within cells, but not necessarily gain access to the nucleus, they may still come into direct contact with DNA during mitosis, when the nuclear membrane breaks down, possibly resulting in DNA aberrations (Bhabra et al., 2009; Kwon et al., 2014; Papageorgiou et al., 2007; Singh et al., 2009) . The genotoxic potential of engineered nanomaterials can be assessed through their ability to cause DNA damage, eg, single and double-strand breaks, chromosome damage and alterations, as well as mutations (Kwon et al., 2014; Singh et al., 2009) .
Due to the variety of mechanisms involved in assessing the genotoxicity endpoints, a battery of assays are required to establish the genotoxic potential of a nanomaterial. Currently, no single method may be considered as a standard test for nanogenotoxicity studies (Doak et al., 2012; Pfaller et al., 2010) . However, bacterial reverse mutagenicity test (commonly known as the Ames test), single cell gel electrophoresis assay (commonly known as Comet assay), chromosome aberration (CA) assay and micronucleus (MN) assays are the 4 commonly used methodologies. For example, the Comet assay was used to investigate the genotoxic effects of 10.9 nm citrate-stabilized AuNPs on the human hepatocellular carcinoma cell line (HepG2) and on peripheral blood mononuclear cells (PBMCs) (Paino et al., 2012) . Consequently, the AuNPs were shown to be genotoxic but more so to the HepG2 cells than to the PBMCs. Using the same methodology, the genotoxicity of citrate-stabilized 20 nm AuNPs to HepG2 cells was later confirmed (Fraga et al., 2013) . Genotoxicity was observed for 5 and 15 nm citrate-capped AuNPs in human blood cells using both Comet and MN assays (Di Bucchianico et al., 2014) . However, another study showed no genotoxicity with AuNPs of size range 2, 20, and 200 nm in human blood cells using both Comet and MN assays (Downs et al., 2012) .
The Ames test was used to study the mutagenicity of 16 nm citrate-stabilized AuNPs on Salmonella typhimurium TA102 strain, where they were found to be nonmutagenic to the bacteria. The authors have explained the lack of mutagenicity to be due to surface adsorption of AuNPs and their inability to enter the bacterial cells. These authors could, however, observe photomutagenicity, which was explained to be due to gold (Au 3þ ) and citrate ions (Wang et al., 2011) . The Ames test, as well as, the CA assay in Chinese hamster ovary cells (CHO), were also used to assess the genotoxicity of 155 nm polyethylene glycol (PEG)-coated gold nanoshells, where they were found to be nongenotoxic by both assays (Gad et al., 2012) . It can be seen from the examples discussed that very few of the investigations have used more than one test for the assessment of the genotoxicity of the same nanomaterial. Furthermore, the suitability of these assays for nanomaterials genotoxicity studies remains under scrutiny. Several studies have shown that nanomaterials are able to interact with the assay components, which can lead to false positive/negative results Doak et al., 2012; Guadagnini et al., 2015) .
Therefore, 4 assay systems were used experimentally herein, namely the Ames test, Comet, CA, and MN assays to investigate the genotoxicity of 14 nm citrate-stabilized AuNPs. In addition, the interference of these nanoparticles in the 4 tests implemented was explored, to confirm their suitability for the genotoxicity testing of nanomaterials. Following the identification of a preferable assay system, namely the CA and MN assays, the genotoxic potential of 20 nm citrate stabilized AuNPs and of 14 nm Polyethylene glycol-Carboxylic acid (PCOOH) liganded AuNPs was also evaluated.
MATERIALS AND METHODS

Synthesis of Gold Nanoparticles
The 14 nm AuNPs in a 1% citrate solution, which has already been recognized as a reference sample (NM-330, TMU14G, 100 mg/l) by the Working Party of the Manufactured Nanomaterials (WPMN) Sponsorship Programme for the Testing of Manufactured Nanomaterials (OECD, 2007) , were provided by MINTEK (Randburg, South Africa). The latter have also provided the 20 nm citrate-stabilized AuNPs and the 14 nm PCOOH liganded AuNPs samples. All these samples were prepared under sterile conditions with sodium citrate as the reducing agent according to published methods (Frens, 1973; Turkevich et al., 1951) . Tetrachloroaurate (HAuCl 4 .3H 2 O) and trisodium citrate (Na 3 C 6 H 5 O 7 .2H 2 O) were purchased from Sigma-Aldrich and used without further purification. The PCOOH nanoparticles were prepared from the citrate stabilized AuNPs using a ligandexchange reaction.
Cell Cultures
Bacterial Strains
The Salmonella typhimurium (S. typhimurium) TA98, TA97a, TA100, and TA102 tester strains used were provided as a gift by the Medical research Council (MRC), Tygerburg, South Africa. Bacterial strains were grown overnight in Nutrient broth (Oxoid No.2) at 37 C with agitation (80 Â g). Thereafter, for experimental work, the overnight culture was diluted in distilled water until an optical density of 0.1-0.2 at 595 nm was reached, which is the equivalent to 1-2 Â 10 9 cells/ml. The genetic integrity of the strains was verified for histidine dependence, deep rough (rfa) mutation, as well as, the presence of pKM101 (Ampicillin resistance) and pAQ1 (Tetracycline resistance) plasmids (Maron and Ames, 1983) .
Mammalian Cell Culture
The CHO cell line, originating from Chinese hamster ovary, was purchased from the European Collection of Cell Cultures and routinely cultured under standard culturing conditions (37 C, 5% CO 2 in a humidified environment). The CHO cell lines were chosen for the genotoxicity studies as per the OECD testing guidelines. Cells were cultured in Ham's F12 with L-glutamine, 10% heatinactivated fetal bovine serum, and 1% Penicillin/Streptomycin, hereafter referred to as Ham's F12 culture medium. All culturing reagents were purchased from Lonza (Belgium).
Physicochemical Properties of the AuNPs
The physicochemical properties of the 14 nm AuNPs in water, Nutrient broth, and Ham's F12 culture media were determined. The nanoparticles originally suspended in a 1% citrate solution were centrifuged at 13 000 Â g for 30 min and resuspended in water, Nutrient broth, or Ham's F12 culture media prior to characterization. The physicochemical properties of the 20 and 14 nm PCOOH AuNPs in water and Ham's F12 culture media were also determined. High resolution transmission electron microscopy (HR-TEM), operating at 120 kV using JOEL-JEM 1010, was used for size measurement experiments, where colloidal samples were deposited, as droplets, on the carbon-coated copper grids and allowed to dry prior to analysis. Zeta potential measurements were performed using Malvern Instruments' Zetasizer Nano ZS and pH measurements of the AuNPs in culture media were tested using a Jenway pH meter. The aggregation state over time in the various suspensions of AuNPs was determined, where 25 mg/ml of AuNPs were incubated at 37 C in water, Nutrient broth, or Ham's F12 culture media. The incubation times included 1, 4, 6, and 20 h, followed by acquisition of absorbance spectra from 400 to 650 nm, using the Cecil 301 UV-visible spectrophotometer.
Bacterial Cell-Based Assays
Ames Test
The Ames test was conducted using the standard plate incorporation and preincubation methods, both without metabolic activation and following the recommendations of the OECD testing guideline, test no. 471 (OECD, 1997a) . Prior to treatment, the 14 nm AuNPs were centrifuged at 13 000 Â g for 30 min and resuspended in sterile distilled water. The positive controls included sodium azide (SA; 5 mg/plate) for the TA100 strain, mitomycin-C (MMC; 0.5 mg/plate) for the TA102 strain, 2-nitrofluorene for the TA98 strain (2-NF; 2.5 mg/plate) and, finally, 9-aminoacridine (9AA; 50 mg/plate) for the TA97a strain. Sterile distilled water rewrite the text as follows: Sterile distilled water (dH2O) and dimethyl sulfoxide (DMSO) was used as the negative and solvent control, respectively. was used as a negative control. All chemicals were purchased from Sigma-Aldrich.
For the standard plate incorporation method, the 14 nm AuNPs were added to the top agar, followed immediately by the addition of the tester strain at 42 C. However, for the preincubation method, the 14 nm AuNPs were added to the bacterial strain, vortexed, and incubated for 4 h at 37 C, all prior to the addition of top agar at 42 C. Both methods required that the content be mixed briefly by vortexing prior to pouring onto minimal glucose medium agar plates. The 14 nm AuNPs were assayed at 0.616, 1.249, 2.499, and 4.997 mg/plate. The top agar layer was allowed to solidify before the plates were incubated at 37 C for 48 h. Revertant colonies were counted after the incubation period. The experiment was performed in triplicate.
Possible interference of AuNPs with Ames test. The uptake of 14 nm AuNPs in S. typhimurium TA100 strain was tested to assess if the lack of mutagenicity observed was due to the lack of interaction between the internalized AuNPs and the bacterial cells, or, rather due to the lack of intracellular access of AuNPs into these bacterial cells. The bacteria were incubated with 25 mg/ml of 14 nm AuNPs for 1 h at 37 C in a shaking incubator at 80 Â g. Following incubation, the bacteria were visualized using the CytoViva system with dark-field microscopy, as well as, HR-TEM. To prepare samples for visualization using the CytoViva system, a 10 ml of the treated bacterial suspension was applied to a microscope slide and covered by a cover slip. The sample slides were left to dry for 15 min prior to imaging. Images were acquired using the CytoViva 150 Unit integrated onto the darkfield imaging Olympus BX43 microscope. Hyperspectral imaging (HSI) was performed at Â60 magnification using the HSI System 1.1 and ENVI software. In addition to the scans of the nanoparticle-treated bacteria, scans were also performed on bacteria only, as well as, AuNPs only, using the same procedure described earlier. Spectral libraries were collected by selecting spectra of bacteria or of the particles. The image classification algorithm spectral angle mapper (SAM) was performed using ENVI software to map the spectral libraries onto the scans of the treated bacteria.
Test samples for TEM analysis were prepared by placing droplets of that sample on carbon-coated formvar 300 mesh copper grids. These were allowed to dry at room temperature under sterile conditions and viewed using the JEOL JEM 2100F field emission electron microscope.
Mammalian-Cell Based Assays
Prior to conducting genotoxicity tests on the CHO mammalian cells, it was imperative to confirm the intracellular access of the different types of AuNPs. In addition, the toxicity of AuNPs to these cells was assessed.
Uptake of the AuNPs in CHO Cells
The CHO cells were seeded in 8-well Millicell EZ-slides (Millipore, Ireland) at 1.6 Â 10 4 cells/cm 2 and allowed to proliferate for 24 h. Thereafter, cells were treated at a concentration of 25 mg/ml AuNPs, for 20 h. Cells were washed 3 times with cell culture medium, followed by 3 washes with PBS. Cells were fixed at 4 C with 4% formalin in Tris/HCl buffer for 15 min.
Slides were washed once with PBS and air-dried. Coverslips were immobilized onto the slides with Kaiser's gelatine. Darkfield images were captured at Â60 magnification using the CytoViva system, as described earlier.
Cytotoxicity of AuNPs to CHO Cells
Cytotoxicity studies were conducted through the assessment of cell impedance using the xCELLigence real time cell analyzer (RTCA) system from ACEA Biosciences, with RTCA version 1.2 software. The CHO cells were seeded in a 96-well E-plate at 3 Â 10 3 cells/well in Ham's F12 culture medium. The cells were allowed to proliferate for 24 h prior to treatment; during which time a scan was acquired every 15 min. Cells were treated with 6.2, 12.5, 25, and 50 mg/ml of AuNPs. The positive control consisted of a 5 mM ethylmethanesulfonate (EMS) solution (SigmaAldrich). Following treatment, scans were acquired every 10 min for the remainder of the experiment.
Genotoxicity of 14 nm AuNPs to CHO Cells CA assay. CA assay was performed following the recommendations of the OECD testing guidelines, test no. 473 (OECD, 1997b Galloway et al. (1997), and Savage (1975) . Two independent experiments were performed and each cell culture was done in triplicates. At least 100 metaphases were analyzed per sample, and the data were represented as mean 6 SD values.
MN assay. The MN assay was performed following the recommendations of the draft OECD testing guidelines, test no. 487 (OECD, 2012) . Briefly, CHO cells were seeded at approximately 2 Â 10 4 cells/cm 2 in 25 cm 2 culture flasks and allowed to proliferate for 16-24 h, until the confluence was approximately 50%. Cells were exposed to 14 nm AuNPs at 6.2, 12.5, 25, and 50 mg/ml for 20 h. A 5 mM EMS solution was used as positive control. The AuNPs-treated media was discarded after 20 h of treatment. Cells were then treated with Cytochalasin-B (4 mg/ml) in fresh medium for another 20 h. The addition of Cytochalasin-B (actin polymerization inhibitor) ensures that only binucleated cells are scored allowing for better scoring and precision of data (Fenech, 2007) . Thereafter, the binucleated cells were harvested by trypsinization. Cells underwent a hypotonic treatment by resuspension in 4 ml of 0.075 M KCl, for 20 min at room temperature and, thereafter, the cells were fixed overnight with freshly prepared ice-cold fixative solution (Methanol: acetic acid, 3:1, vol/vol) at 4 C. Microscope slides were prepared by dropping the cell suspension onto the slides, which were allowed to air dry. Slides were stained with 5% Giemsa stain for 2 min. The slides were examined under the light microscope and the scoring of micronuclei (MNi) formation was done manually. Scoring was done according to the criteria's mentioned in Fenech (2007) . Two independent experiments were performed and each cell culture was done in triplicates. At least 1000 binucleated cells were analyzed per sample, and the data were represented as mean 6 SD values. The cytotoxicity of treated samples was calculated using Cytokinesis block proliferation index (CBPI) (OECD, 2012) , where: CBPI was calculated as later: Possible interference of AuNPs with the CA and MN assays. Both CA and MN assay procedures have identical hypotonic treatment steps. In this study, the possible interference of AuNPs pertains to the hypotonic treatment step. This was investigated to determine whether this step may cause cell lysis, and thus potentially expose the nucleoid DNA to additional damage through direct contact with intracellular nanoparticles. Briefly, the CA assay was performed as described earlier (CA Assay section) up to the hypotonic treatment step. Thereafter, the cells were prepared for Cytoviva imaging and TEM analysis.
For Cytoviva image analysis, 10 ml of hypotonic cells were mounted onto a microscope slide, stained with ethidium bromide (EtBr) to visualize the DNA and analyzed using both darkfield and fluorescent microscopy on the Cytoviva imaging system.
For TEM analysis, the hypotonic cells were fixed in 2.5% gluteraldehyde and 2% formaldehyde for 1 h and washed in phosphate buffer (0.1 M). Postfixation was done using 1% osmium tetraoxide for 1 h. Cells were then washed in phosphate buffer and dehydrated in graded acetone (30%, 50%, 70%, 95%, and 100%) for 15 min each. Cells were further treated with 100% acetone-resin mixture (2 h) and pure resin mixture (overnight). Embedding was done in BEEM capsule using Agar100 resin mix at 60 C for 48 h. Ultrathin sections were made using ReichertJung Ultracut E ultramicrotome and stained with aqueous uranyl acetate (2%) and aqueous lead citrate (0.5%).
Comet assay. The CHO cells were seeded at approximately 7 Â 10 4 cells per well in a 12-well plate and allowed to proliferate for 16-24 h until 50% confluency was reached. Cells were exposed to 14 nm AuNPs at 6.2, 12.5, 25, and 50 mg/ml for additional 20 h. A 5 mM EMS and a 100 mM hydrogen peroxide (H 2 O 2 ) solution were used as positive controls. Following treatment, cells were scraped and washed twice with ice-cold PBS. The Comet assay method was adopted as previously described (Collins et al., 1996) . Microscope slides were precoated with 1% normal melting point agarose gel. Cells were mixed with 0.8% low melting point agarose (LMPA) gel at 37 C and pipetted onto precoated microscope slides, which were covered with a cover slip and left on ice for 5 min to set. The cover slips were carefully removed and slides were immersed in ice-cold lysis solution (2.5 M NaCl, 100 mM EDTA, 10 mM Tris, 1% Triton X-100, and NaOH to adjust the pH to 10) for an hour at 4 C. After lysis, the slides were washed with PBS to remove salt prior to the alkaline treatment/unwinding step. The slides were placed in an electrophoresis tank containing electrophoresis buffer (300 mM NaOH, 1 mM EDTA, pH 13.5) for 40 min at 4 C. After this unwinding step, electrophoresis was carried out at 25 V and 300 mA for 1 h at 4 C. The alkaline samples were neutralized by washing with neutralizing buffer (0.4 M Tris-HCl, pH 7.5) twice for 5 min and air-dried. DNA was stained with 20 mg/ml EtBr, and slides were viewed using an Olympus BX41TF fluorescent microscope. The comets were analyzed using Imaging Analysis and Komet 5.5 software. At least 50 comets were analyzed per sample. DNA damage was quantified using the tail length of the DNA smear/comet.
Possible interference of AuNPs with Comet assay. The possible interference of AuNPs at 3 different stages within the Comet assay procedure was investigated. In the first experiment, the possibility of the AuNPs attaching to the nucleoid DNA after the lysis step was investigated. Briefly, the Comet assay procedure was followed as described earlier (Comet assay section) up to the lysis step. After the lysis step, the slides were washed with cold PBS to remove any remaining salts and then allowed to air-dry. Both unstained slides and those stained with EtBr were then viewed using the dark-field and fluorescent microscopy on the Cytoviva imaging system. In the second experiment, the Comet assay was repeated with modifications to investigate the possibility of intracellular residual AuNPs attached to the nucleoid DNA causing additional DNA damage. Briefly, CHO cells were seeded and allowed to proliferate for 2 days until 90% confluency was reached. The cells were then treated with 12.5, 25, and 50 mg/ml of 14 nm AuNPs. Immediately thereafter, these cells were mixed with LMPA, embedded onto precoated slides and immersed in icecold lysis solution for 1 h at 4 C. The remainder of the protocol was carried out as previously described.
In the third experiment, the possible interference of AuNPs with the detection of EtBr fluorescence was investigated. Briefly, the GenElute Mammalian Genomic DNA Miniprep kit (Sigma) was used to extract DNA from CHO cells, as per manufacturer's instructions. The extracted DNA was mixed with EtBr and AuNPs. Thereafter, the effect on fluorescence was measured. The NanoDrop spectrophotometer was used to confirm DNA purity and obtain the concentration. The ability of the AuNPs to interfere with the fluorescence of EtBr was assessed at a final concentration of 5 mg/ml DNA and 5 mg/ml EtBr, with either 16.7 or 83.3 mg/ml AuNPs. Wells contained either (1) DNA and EtBr; (2) DNA with AuNPs, (3) DNA with EtBr and AuNPs, or (4) EtBr and AuNPs. EtBr was always added last. Control wells of each individual component were included. Fluorescence was read on a FLx800 plate reader at excitation 360 nm, emission 590 nm.
Genotoxic Effect of 20nm and 14 nm PCOOH AuNPs on CHO Cells Using Chromosome Aberration and MN Assays
The CA and MN assays were performed as described earlier (CA assay and MN assay section) to compare the genotoxic effect of 14nm AuNPs to 20nm AuNPs and 14 nm PCOOH AuNPs. A single concentration of 50 mg/ml of all 3 samples was chosen for this experiment. A 5 mM EMS solution was used as positive control.
Data Analysis and Statistics
A positive response for the Ames test was defined as a dosedependent response, with a 2-fold increase in the number of revertant colonies in the treatment group, in comparison to the control group. A negative response was defined as no dosedependent response (OECD, 1997a) .
A positive response for the CA and MN assay was defined as a concentration-related increase, or a statistically significant increase in at least 1 of the test concentrations used (OECD, 1997b (OECD, , 2012 . The same criterion used for CA and MN assay analysis was applied to the analysis of the Comet assay results. Data represent mean values of 2 independent experiments, performed in triplicates. Statistical analyses were performed using a 1-way ANOVA for the Ames test and the student's t test for the CA, MN, and Comet assay. The interpretation of the P value was based on a significance level of 5%, where P < .05 referred to a strong presumption against the null hypothesis and was designated as "statistically significant." The possible interference of AuNPs with the detection of EtBr fluorescence was investigated. An ANOVA and Tukey's multiple comparisons test were conducted in GraphPad Prism vs. 6.07 to assess the significance of the change in fluorescence as compared with the EtBr control.
RESULTS
Physicochemical Properties of the AuNPs
The TEM images shows that all 3 AuNPs (14 nm AuNPs, 14 nm PCOOH AuNPs, and 20 nm AuNPs) retain their spherical shape (with some ellipsoid nanoparticles present), after resuspension in water, Ham's F12 culture media and nutrient broth, followed by immediate analysis. Figure 1B (i) indicates the absorption peak of the citratestabilized 14 nm AuNPs suspended in water is at 520 nm. The absorption peak of 14 nm AuNPs dispersed in Ham's F12 culture media ( Figure 1B [i] ) red-shifted from 520 nm to approximately 530 nm, over time indicating a minor increase in particle size. However, minimal aggregation occurred because it produced a similar curve for the particle size distribution as that observed for the AuNPs dispersed in water. The absorption peak of the 14 nm AuNPs in nutrient broth ( Figure 1B [iv] ), after 1 h, remained between 520 and 530 nm. This was indicative of minimal aggregation, as confirmed by the TEM image in Figure  1A (iii). However, over time the particles began to aggregate as shown by a large shift, where the peak height decreased and the peak base became wider. At 6 h, the absorption peak shifted from 520 to 550 nm. In addition, the absorbance peaked at 579.5 nm after 20 h ( Figure 1B [iv] ). These results showed that AuNPs tend to increase in size and form large aggregates over time when dispersed in nutrient broth. Figure 1B (ii) indicated the absorption peak of 14 nm PCOOH AuNPs suspended in water remained at 524 nm over the 20 h. When dispersed in Ham's F12 culture media, the absorption peak increased to 527 nm but remained constant till 20 h, indicating minimal aggregation of particles. Figure 1B ( iii) indicated the absorption peak of 20 nm AuNPs suspended in water was at 522 nm. Similar trend was observed with 20 nm AuNPs suspended in Ham's F 12 culture media, where the absorption peak red-shifted from 522 to 531 nm but remained stable over the 20 h.
The results of the zeta potential and pH measurement (Table  1) show that the particles carry a negative surface charge in both types of culture media. Also, it was noted that the addition of the AuNPs does not considerably change the pH of both media. Table 2 provides the mean number of revertants obtained per plate for each experimental group using the standard plate incorporation method. The presence of background lawn on the agar plate indicated that the concentrations of AuNPs used in this study did not have any cytotoxic effect on the tester strains. The number of revertant colonies in the positive control treatments was several-fold higher than the negative controls, which indicated that the test system responded appropriately. Bacteria treated with AuNPs did not show any significant change in the number of revertant colonies compared with the negative control in all 4 tester strains. This indicated that the AuNPs are nonmutagenic to the bacteria.
Bacterial Cell-Based Assays
Ames Test
The preincubation method was performed on 2 strains, namely S. typhimurium TA98 and TA100, to ascertain if a variation in treatment procedure would influence the results. The results obtained using this methodology are summarized in Table  3 , where no mutagenicity was observed to be caused by AuNPs, even with a 4 h preincubation period. One-way ANOVA statistical analysis was performed for the Ames test, and results showed that there was no significant difference between treated and untreated groups.
Uptake of 14 nm AuNPs in S. typhimurium TA100 The CytoViva images and analyses ( Figs. 2A-F) indicate that 14 nm citrate-stabilized AuNPs may be adsorbed onto the surface of the bacteria but they do not enter the bacteria. SAM is an algorithm that allows for the identification of a known material in an image acquired using HSI. SAM is performed by comparing a known set of spectra for a material, a so-called spectral library, to unknown spectra of another image. The process identifies pixels in the unknown image that map the spectral library, irrespective of light intensity. Figures 2A and C show the hyperspectral scans of untreated TA100 bacteria and 14 nm AuNPs, respectively. Spectral libraries were created for the bacteria ( Figure 2B ) and the 14 nm AuNPs ( Figure 2D ) from these images. SAM analysis was conducted to map the spectral library of the 14 AuNPs onto an image of TA100 bacteria treated with AuNPs ( Figure 2E ) and the resultant overlay is shown in Figure 2F . This image clearly shows the AuNPs mapped onto the surface of the bacteria and was not found inside the bacterial cell. These observations were confirmed by TEM images obtained for the bacteria treated with AuNPs, which is shown in Figure 2G . The AuNPs were visible as dark spots due to their electron dense properties. 
Mammalian Cell-Based Assays
Uptake of AuNPs in CHO Cells
The uptake of 14 nm AuNPs, 20 nm AuNPs, and 14 nm PCOOH AuNPs into the CHO cells, after 20 h, was confirmed by CytoViva dark-field images (Figure 3 ). Internalization was confirmed by observing the various focal planes through the fixed cells, as previously reported (Vetten et al., 2013) .
Cytotoxicity of AuNPs in CHO Cells
Cytotoxicity was assessed through the measurement of cell impedance using the xCELLigence RTCA system. Because this technique is label free, it eliminates any potential interference of AuNPs on cell impedance as shown in Vetten et al. (2013) . This system measures the cell index (CI), which is a measure of the electrode impedance across the base of the wells of the plate. This impedance is influenced by the presence of live cells that were cultured on top of these electrodes and, therefore, is used to monitor cell viability. Figures 4A-C shows the normalized CI of CHO cells treated with 14 nm AuNPs, 20 nm AuNPs, and 14 nm PCOOH AuNPs, respectively. No significant differences in CI were observed between the untreated cells and any of the treatments after 20 h. Therefore, the AuNPs were found to be noncytotoxic at all the concentrations tested. The EMS solution used to assess genotoxicity was found to be noncytotoxic, when used at the same concentration ( Figure 4D ).
Chromosome Aberration Assay
Analysis of the cells treated with 14 nm citrate stabilized AuNPs of various concentrations ( Figure 5A ) showed some structural aberrations, including chromatid breaks and chromatid gap aberrations in CHO cells.
The results obtained in this study did not show a concentration-dependent increase in aberrations in the cells ( Figure 5B ). In addition, aberrations found in AuNP-treated cells were not statistically significant compared with the negative control, whereas the genotoxicity produced by positive control (EMS) treated CHO cells was statistically significant compared with the negative control.
MN Assay
Analysis of the cells treated with 14 nm citrate-stabilized AuNPs of various concentrations showed some aberrations, including formation of MNi, nucleoplasmic bridges (NPB), and nuclear buds (NBuds) in CHO cells ( Figure 6A ). However, again, no concentration-dependent increases were observed and no statistically significant increases were shown ( Figure 6B ). The observed genotoxicity was statistically significant, in comparison to the negative control, for the EMS (positive control) treated cells only. The CBPI value indicates the average number of cell cycles undergone by a given cell. Cytotoxicity was found to be below 20% in all tested concentrations (Table 4) , indicating there was no inhibition of cell growth and multiplication (Bernardi et al., 2014) .
Possible Interference of AuNPs with the Chromosome Aberration and MN Assay
Usually, a hypotonic treatment step with 0.075 M KCl solution is included in the CA and MN assay procedures to increase the cell size and improve visualization of the chromosomes. The possibility of the hypotonic treatment causing nucleosome lysis and exposing nucleoid DNA to the cytosolic environment containing intracellular AuNPs was examined using CytoViva dark-field imaging and TEM imaging.
Figures 7A-D showed typical images of the cell membrane and nucleoid DNA, following hypotonic treatment, visualized using dark-field (Figs. 7A and B) , fluorescence (Figs. 7C and D) , or TEM microscopy ( Figs. 7E and F) . The cell membranes were observed in these images to be intact during the hypotonic solution treatment. The AuNPs were found to be present inside the cell cytoplasm, generally clustered together in a vesicle in hypotonic-treated cells as observed in the TEM images. It was, therefore, concluded that the possibility of nucleoid DNA coming into direct contact with the nanoparticles during the hypotonic treatment step was minimal. However, Figs. 7G and H also showed that a small number of cells (approximately 6%) may swell up and eventually appear to burst. It should be noted that from the TEM image ( Figure 7H ), it can be seen that the AuNPs remain in vesicles and most likely are not exposed to the nucleoid DNA. Therefore, this indicated that there was no direct interference of the AuNPs in the procedure implemented for the determination of CA.
Comet Assay CHO cells treated with 14 nm AuNPs showed a concentration dependent increase in DNA damage, clearly visible as comets ( Figure 8A b-e), in comparison to the untreated cells (Figure 8A  a) . The highest concentration of AuNPs could produce almost the same extent of DNA damage as those observed with the positive control EMS (Figure 8A f) . A concentration-dependent and statistically significant increase in tail DNA length was observed ( Figure 8B ), based on the image and statistical analyses.
Interference of AuNPs with Comet Assay
Interference of the Comet assay procedure, as caused by AuNPs, may occur at different points in the process. For example, in the final steps of the Comet assay, exposure of DNA to the tested nanomaterials posttreatment may result in additional DNA damage, which is a false genotoxic result. Moreover, due to the fluorescence properties of nanoparticles, the DNA staining agents (eg, EtBr) that are used to score the comets with automated software may also be quenched. In this study, the interference caused by AuNPs at these different points during the assay process was tested to evaluate the suitability of Comet assay for nanoparticle genotoxicity study.
Possible attachment of AuNPs to the nucleoid DNA. Figures 9A and B shows untreated CHO cells following the lysis step in the Comet assay procedure for the isolation of the cellular nucleoids. The nucleoids were viewed with dark-field microscopy ( Figure 9A ) or with fluorescent microscopy ( Figure 9B ), where the EtBr stained DNA is indicated in red. Figures 9C and D represent the image of the nucleoids isolated from CHO cells that were treated with AuNPs and then viewed with dark-field microscopy ( Figure  9C ) or with fluorescence microscopy ( Figure 9D ). Again, the EtBr stained DNA is shown in red. In addition, the AuNPs are also visible and appear to be attached to these nucleoids, thus, confirming direct contact between the AuNPs and the DNA.
Interference with intracellular residual nanoparticles present during Comet assay. Because it was shown in Figs. 9C and D that the AuNPs potentially attach and interact directly with the nucleoid DNA after the lysis step, the possibility of residual nanoparticles being able to induce additional DNA damage during the Comet assay procedure cannot be excluded. Therefore, to test for this possibility, AuNPs were added to untreated cells immediately prior to the lysis step. This approach was used to mimic residual intracellular nanoparticles that remain associated with the DNA after cell lysis. Figure 10A shows representative images of these treatments, where DNA damage is evident in the form of the formation of comets following exposure to 12.5, 25, and 50 mg/ml AuNPs ( Figure 10A c-e, respectively). Damage observed at the highest concentration of AuNPs used was comparable to the damage produced by the positive control ( Figure 10A b and e) To further investigate the association of AuNPs to the DNA during electrophoresis, the comets were viewed under fluorescent microscope and the additional attachment was confirmed ( Figure 10A f) . Image analysis of percentage tail DNA length ( Figure 10B ) also showed a dose-dependent increase in DNA damage, compared with the untreated control cells. This data suggests that intracellular residual AuNPs attached to the nucleoid DNA (Figs. 9C and D) could potentially induce additional damage during routine Comet assay procedures, leading to the inaccurate conclusion of increased DNA damage and possible false positive results.
Interference of AuNPs with EtBr fluorescence. Figure 11 indicates that EtBr alone (control) exhibits high levels of background fluorescence, which was almost doubled in the presence of DNA. The EtBr control and the EtBr with DNA were both statistically significantly different (P < .05) from each other and from the other control data. The presence of AuNPs in the samples resulted in a dose-dependent decrease in EtBr fluorescence. In the absence of DNA, this decrease was statistically significant at all concentrations of AuNPs. However, in the presence of DNA, the decrease was only significant at 83.3 mg/ml AuNP (P < .05). This decrease was observed in the wells both with and without DNA, suggesting that the AuNPs are quenching the fluorescence signal of EtBr. Genotoxic Effect of 20nm and 14 nm PCOOH AuNPs on CHO Cells Using Chromosome Aberration and MN Assays CHO cells treated with AuNPs of different sizes and functional groups showed some structural aberrations, including chromatid breaks, formation of MNi, NPB, and NBuds (Figs. 12A and  13A) . However, the difference in genotoxic response observed was not statistically significant between 14 and 20 nm AuNPs using both assays (Figs. 12B and 13B ).
DISCUSSION
The genotoxicity of nanomaterials is an important aspect of toxicology because alterations in DNA can result in cell death, tissue malfunction, cancer development, adverse reproductive effect, and/or fertility impairment (Alarifi et al., 2013) . This study investigated the genotoxic effects of 14 nm citrate-stabilized AuNPs on both bacterial and mammalian cells. Four genotoxicity tests were conducted for the study, namely the Ames test, CA, MN, and Comet assay. In addition, the possibility of interference caused by AuNPs in these assays was explored. During characterization of the AuNPs, TEM images confirmed that the AuNPs were singularly dispersed and mostly spherical in shape when suspended in water and Ham's F12 culture media. However, the AuNPs began to aggregate over time when resuspended in nutrient broth. The AuNPs were negatively charged in all suspension media and had minimal effect on the pH. The Ames test is a mutagenicity test used to detect chemicals that cause 2 types of gene mutation, ie, base-pair substitution and frame shift mutation, using different strains of S. typhimurium (Kim et al., 2013; Li et al., 2012) . Our results, suggested that the AuNPs were nonmutagenic, however, the CytoViva HSI system and TEM studies have, indicated that AuNPs did not have access to the intracellular space of the bacteria implying that negative results obtained were not indicative of lack of mutagenicity. The results reported herein have confirmed those previously reported in the literature (Wang et al., 2011) . The inability of nanomaterials to enter prokaryotic cells, in contrast to eukaryotic cells , was explained due to thick bacterial walls and lack of endocytic ability (Doak et al., 2012; Ng et al., 2010; Woodruff et al., 2012) . Consequently, literature suggests that the data obtained using the Ames test should be confirmed by other genotoxicity tests.
Prior to the mammalian genotoxicity tests, the intracellular uptake and toxicity of the AuNPs was assessed and were found to be able to enter the cells without apparent cytotoxic effects. (H2O2), (c-e) cells treated with 12.5, 25, and 50 mg/ml AuNPs, respectively, and (f) nucleoid DNA with AuNPs attached to it after electrophoresis, viewed under the fluorescence microscope using CytoViva system. B, Genotoxic effect of 14 nm citrate stabilized AuNPs on CHO cells using the modified comet assay (posttreatment method) (*** indicates groups with a statistically significant difference with P < .005, error bar represents mean 6 SD).
FIG. 11.
Average relative fluorescence obtained. n ! 2, where error bars represent standard deviation between replicates. EtBr, ethidium bromide. *P < .05 when compared with EtBr control; **P < .05 when compared with DNA þ EtBr control.
CA assay is genotoxicity test used to identify agents that cause alterations in chromosomal structure in cultured mammalian cells (OECD, 1997b; Pfeiffer et al., 2000) . The different types of aberrations include chromatid gaps, chromatid breaks, chromatid and chromosome translocation, chromatid interchanges, dicentric or polycentric chromosomes, ring formation, and fragmentation (Ishidate and Odashima, 1977) . In this study, majority of aberrations observed were chromatid breaks and chromatid gaps with clear discontinuity. Chromatid breaks may arise from single strand breaks processed during the S phase of cell cycle (Pfeiffer et al., 2000) or due to DNA double-strand breaks that may not have undergone G2 repair (Grant, 1978; Patlolla et al., 2012) . Chromatid gaps may also arise from single strand breaks, however, it is more known to be due to conformational changes of the DNA packing proteins (Brø gger, 1975) . Generally, chromatid gaps are not included in the CA analysis, unless, as in this study, there is a clear discontinuity, with no visible connecting material and similar width of the chromatid, in the metaphase in question (Galloway et al., 1997) .
The investigation into the possible interference of AuNPs with the CA assay found that the hypotonic solution used within the assay did not result in the lysis of the majority of the cells. A few cells did burst during this step and, therefore, the likelihood of additional DNA damage caused by exposing nucleoid DNA to residual AuNPs during the assay protocol cannot completely be excluded. However, one must also take into account that CAs are produced from errors during the DNA repair mechanism that is active during the cell cycle (Obe and Durante, 2010) . Because the cells being analyzed in the assay could not possibly undergo another cell cycle after the hypotonic step, any additional DNA damage caused at this point would not result in an increase in observed aberrations. Although there are studies with AuNPs (Gad et al., 2012) and with other nanoparticles (Theogaraj et al., 2007) that have used the CA assay, no studies have yet been reported to evaluate the interference caused by AuNPs or by any other nanoparticles in this assay system. With the present results, we could therefore confirm a noninterference of AuNPs in this genotoxicity assay system. MN assay is a genotoxicity test used for the detection of MNi in the cytoplasm of interphase cells. Micronuclei may originate from acentric chromosome fragments or whole chromosomes that are unable to migrate to the poles during the anaphase stage of cell division (OECD, 2012) . The MN assay is also indicative of structural chromosomal aberrations, such as, the formation of NPB and the formation of NBuds. In this study, the majority of aberrations observed were the formation of NPB, which is a known biomarker of dicentric chromosomes, ring chromosomes, and/or chromosome rearrangement.
Many studies have reported on the possible interference of nanoparticles with MN assay but these have focused primarily on the chemical Cytochalasin-B, which is used to stop cell division and have been shown to prevent uptake of nanomaterials due to its interference with the action-filament formation required for endocytosis. Therefore, studies have suggested the use of Cytochalasin-B posttreatment with AuNPs to avoid interference Gonzalez et al., 2011; Magdolenova et al., 2014) . In this study, this recommended procedure of adding Cytochalasin-B posttreatment with AuNPs was followed to avoid interference and false negative results. Interference at hypotonic step described earlier with the CA assay is also relevant in the MN assay, where the potential exists for DNA to be exposed to residual AuNPs at this stage, however, again, exposure at this point in the assay would not be able to induce additional micronuclei due to the nature of the mechanism of genotoxicity measured. As a result, we could confirm a noninterference of AuNPs in this genotoxicity assay system.
The Comet assay is a genotoxicity test commonly used for assessing DNA strand breaks in a single cell. The principle of the Comet assay is that the damaged DNA fragments will migrate out of the cell under electrophoresis, while the undamaged DNA will remain intact in the cell nucleus. Staining with an intercalating agent, eg, EtBr and subsequent microscopic analysis would then reveal a typical picture of a comet, with intact DNA at the head and smaller DNA fragments at the tail end (Collins, 2004) . In this study, using the Comet assay, a statistically significant, concentration-dependent increase in DNA damage was observed when CHO cells were treated with AuNPs for 20 h. Interestingly, similar results were observed when the assay was modified to investigate the possibility of interference during the assay.
This suggests that the presence of residual AuNPs during the assay procedure resulted in additional DNA damage to the CHO cells. Upon closer scrutiny, it was shown that the increase in this damage may have been introduced due to the interaction of intracellular AuNPs with the DNA in the isolated nucleoids, which were then able to comigrate with the DNA in the comets during electrophoresis. Regardless of the level of damage produced by these residual intracellular AuNPs, it is a matter of concern as they may contribute to the production of false positive results and hence make the suitability of the Comet assay questionable for testing the genotoxicity of nanoparticles. Although it is possible to make use of formamidopyrimidine DNA glycosylase (FPG) to digest DNA to quantify DNA base-pair lesions, including 8-oxo-guanine (Huk et al., 2015) , this was not explored in this study because interference was already observed in the early stages of the assay system. Studies reported in the literature have also investigated the interference of nanoparticles in the comet assay. For example, Karlsson et al. (2015) showed that additional DNA damage is possible during the assay procedure. However, compared with our results, the damage they observed was not very significant. Magdolenova et al. (2012) showed that, depending on the nanoparticle tested, there was no indication that naked, nucleosome DNA was more sensitive than DNA in the intact cells. In contrast, our findings have shown that at least with AuNPs, the nucleoid DNA is more sensitive to attack from the residual intracellular AuNPs than the DNA in whole cells. On the other hand, a study conducted by Ferraro et al. (2015) agrees to our findings that nanoparticles present in the nucleoid DNA can interfere with the comet assay and produce false-positive results. However, they have also suggested the possibility of performing comet assay by removing the cell cytoplasmic fraction and isolating purified nuclei fraction to avoid interference during the assay procedure. The authors have shown that by eliminating the cell cytoplasmic fraction, DNA damage was significantly lowered in the nanoparticles tested (Ferraro et al., 2015) .
Our study show that AuNPs could also interfere with the scoring of the EtBr stained comets. However, this quenching of the fluorescence was not complete and, therefore, it is possible that EtBr could still be used for the Comet assay to visualize the DNA. It should be noted that due to such fluorescence quenching, a parameter such as tail length is preferable to score DNA damage, rather than a fluorescence-intensity based parameter.
Consequently, CA and MN assays were implemented to study the toxicological profile of AuNPs, with different sizes and functional groups, in CHO cells. The concentration of AuNPs (50 mg/ml) used for this study was based on the xCELLigence data obtained, where concentrations that were not cytotoxic to the cells were chosen. The CHO cells treated with the 3 types of AuNPs showed some nonsignificant chromosomal aberrations, the majority of which were chromatid breaks and formation of NPB. Genotoxicity response observed with these nanoparticles from both assays were also similar, where the presence of functional group did not affect their genotoxicity.
SUMMARY AND CONCLUSION
A diagrammatic summary of the suitability of genotoxicity tests for AuNPs is shown in Figure 14 .
• Due to the lack of uptake of AuNPs in bacterial cells, as well as the inability of bacteria to perform endocytosis, the Ames test may not be a suitable method for mutagenicity studies of nanomaterials. Other mutation assays, such as hprt mutation test may, however, be also considered with the proviso that interference in this test system is also investigated.
• During the processing steps in Comet assay, intracellular residual nanoparticles may come into direct contact with the nucleoid DNA and cause additional damage. This would produce false positive results, thus rendering it unsuitable for genotoxicity assessments of nanomaterials. It is, therefore, advisable to view the results obtained with Comet assay with caution.
• On the other hand, the CA assay and MN assay appears to be better suited to assess the genotoxic effects of nanoparticles.
• This study showed that citrate-stabilized AuNPs may have some genotoxic potential in mammalian cell lines. However, at the tested concentrations, genotoxicity observed was not statistically significant.
